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ABSTRACT Staphylococcus aureus skin infection is a frequent and recurrent prob-
lem in children with the common inflammatory skin disease atopic dermatitis (AD).
S. aureus colonizes the skin of the majority of children with AD and exacerbates the
disease. The first step during colonization and infection is bacterial adhesion to the
cornified envelope of corneocytes in the outer layer, the stratum corneum. Corneo-
cytes from AD skin are structurally different from corneocytes from normal healthy
skin. The objective of this study was to identify bacterial proteins that promote the
adherence of S. aureus to AD corneocytes. S. aureus strains from clonal complexes 1
and 8 were more frequently isolated from infected AD skin than from the nasal cav-
ity of healthy children. AD strains had increased ClfB ligand binding activity com-
pared to normal nasal carriage strains. Adherence of single S. aureus bacteria to cor-
neocytes from AD patients ex vivo was studied using atomic force microscopy.
Bacteria expressing ClfB recognized ligands distributed over the entire corneocyte
surface. The ability of an isogenic ClfB-deficient mutant to adhere to AD corneocytes
compared to that of its parent clonal complex 1 clinical strain was greatly reduced.
ClfB from clonal complex 1 strains had a slightly higher binding affinity for its ligand
than ClfB from strains from other clonal complexes. Our results provide new insights
into the first step in the establishment of S. aureus colonization in AD patients. ClfB
is a key adhesion molecule for the interaction of S. aureus with AD corneocytes and
represents a target for intervention.

KEYWORDS atomic force microscopy, corneocytes, filaggrin, Staphylococcus aureus,
atopic dermatitis

The skin of the majority of individuals with the inflammatory skin disease atopic
dermatitis (AD) is heavily colonized by Staphylococcus aureus (1). The healthy

population has a much lower rate of persistent carriage (�20%), and colonization is
usually confined to the nasal cavity (2). S. aureus colonization of skin appears to
postdate the development of AD, at least in infant populations (3). In established AD,
the density of S. aureus on lesional and nonlesional skin has a strong relationship to
disease severity (4). A major risk factor for the development of AD is loss-of-function
mutations in the filaggrin (FLG) gene (5, 6), which lead to a reduced level of natural
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moisturizing factor (NMF) in the stratum corneum accompanied by a skin epidermal
barrier defect and an elevated pH (7). When the skin barrier is compromised, factors
produced by S. aureus exacerbate the symptoms of AD (8). Several S. aureus factors
have been linked to increased inflammation and disease severity in AD, including
alpha-toxin (9), the staphylococcal superantigens (10), and delta-toxin (11).

S. aureus adheres to the cornified envelope of corneocytes in the stratum corneum.
Corneocytes from AD skin have a surface topology altered from that of corneocytes
from normal healthy skin, physical characteristics that are largely determined by the
levels of NMF and filaggrin expressed (12). The factors promoting colonization of atopic
skin have not yet been identified. Several S. aureus proteins are known to bind to host
molecules, some of which may be present on the surface of the stratum corneum of AD
skin. For example, higher levels of fibronectin are found in the stratum corneum of
patients with AD than in the stratum corneum of individuals with healthy skin, and the
expression of S. aureus cell wall-anchored (CWA) fibronectin binding proteins (FnBPs) A
and B enhances bacterial adherence to AD skin biopsy sections (13). The CWA protein
clumping factor B (ClfB) binds to the cornified envelope proteins loricrin and cytoker-
atin 10 in the moist squamous epithelium, promoting colonization of the anterior nares
(14, 15). The binding of ClfB to its ligands is well understood at the molecular level. The
X-ray crystal structure of the ligand binding region of ClfB has been solved both in the
apo form and with a peptide ligand bound (17). Binding occurs by the dock, lock, and
latch mechanism, whereby a short peptide from loricrin or cytokeratin 10 binds to a
hydrophobic trench located between the separately folded N2 and N3 subdomains
(18). A conformational change at the C terminus of N3 locks the ligand in place. ClfB and
FnBPs are expressed at higher levels by bacteria grown in vitro at the pH of AD skin than
by bacteria grown at the low pH typical of healthy skin (16).

The aim of our study was to identify the bacterial factors that promote the
adherence of S. aureus to corneocytes from AD skin. We studied clinically relevant
strains of S. aureus from the infected lesional skin of children with AD. Molecular typing
methods revealed the population structure of strains of S. aureus from AD skin
infection, and in vitro experiments demonstrated that AD strains adhere more strongly
to a ClfB ligand (the loricrin-derived peptide L2v) than control strains of S. aureus
isolated from the nares of a healthy cohort of children with no history of AD. Isogenic
clfB knockout mutants were generated in AD strains representing the most common
lineages of S. aureus isolated from pediatric patients. The ability of an AD strain and its
isogenic ClfB-deficient mutant to adhere to corneocytes from patients with AD was
studied ex vivo and using atomic force microscopy (19).

RESULTS
Population structure of atopic dermatitis strains of S. aureus. The skin of AD

patients is frequently colonized by S. aureus. This study aimed to identify bacterial
factors that promote the adherence of AD strains of S. aureus to corneocytes from AD
skin. To facilitate this, strains of S. aureus were collected from infected skin lesions of
children with AD (AD strains). The pediatric patients were presenting for the first time
at a tertiary referral center in Dublin, Ireland, and were treatment naive (see Table S1
in the supplemental material). Molecular typing methods were used to assign each
strain to a clonal complex (CC) so that the general population structure of the AD
strains could be examined. The most common CC in the AD cohort was CC1 (9 isolates,
20.45%), followed by CC45 (7 isolates, 15.9%), CC8 (6 isolates, 13.63%), and CC5 (6
isolates, 13.63%) (Fig. 1A). Commensal S. aureus strains from a healthy cohort (children
with no history of AD and asymptomatic nasal carriage) in Dublin, Ireland, were also
typed to the same level (control strains; Fig. 1B). Only 4.08% and 2.04% of the control
strains belonged to CC1 and CC8, respectively, showing that although CC1 and CC8 strains
are frequently recovered from AD skin lesions, they rarely occur as commensal strains in the
nares of healthy children in the community (Fig. 1). In contrast, while CC30 was the most
prevalent clonal complex among the control strains (33% of strains), only 6.81% of the AD
strains belonged to CC30, showing a statistically significant underrepresentation of CC30 in
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the AD cohort. Thus, the strains causing skin infection in pediatric AD patients are
different from the commensal strains circulating in the community. There were no
associations between the S. aureus clonal complex and NMF levels in each patient’s
stratum corneum or the clinical phenotype (Table S1).

Ligand binding activity of AD strains. Disease-causing strains of S. aureus often
have an increased ability to adhere to host molecules or increased toxin production
compared to commensal strains (20, 21). We hypothesized that adhesion to corneo-
cytes is an important first step in the colonization and infection of AD skin. Therefore,
we employed a phenotypic screening method to study the activity of the S. aureus
adhesin ClfB, an S. aureus CWA protein that binds to loricrin and cytokeratin 10 (14, 15).
We examined the in vitro adherence of AD strains to the ClfB ligand L2v, a loricrin-
derived peptide, fused to glutathione S-transferase (GST) (Fig. 2). The well-characterized
S. aureus strain SH1000 was included as a control since the adherence of SH1000 to L2v
is solely dependent on ClfB (14). The amount of adherence for each clinical strain was
expressed as a percentage of the adherence value measured for SH1000. The com-
mensal control strains were also tested. Each data point in Fig. 2 represents the mean
adherence level of a single strain. All AD strains adhered to immobilized L2v with a
median level of adherence relative to that for SH1000 of 157% (Fig. 2). The median level
of adherence for the control strains was significantly lower (111%, P � 0.0001). These

FIG 1 Clonal complex assignments of AD strains and control strains of S. aureus. Swab specimens were taken from
a clinically infected site on the AD patient’s skin (A) (AD strains) or from the anterior nares of asymptomatic carriers
(B) (control strains). A single colony isolate from each patient was spa typed. One or more isolates of each unique
spa type were subjected to multilocus sequence typing, and the clonal complex (CC) was assigned by eBURST
analysis.

FIG 2 Adherence of S. aureus strains to L2v. Control strains (�) or AD strains (●) were grown to
exponential phase, adjusted to an OD600 of 1.0, and incubated in wells coated with L2v at 37°C. Following
incubation, the wells were washed, adherent bacteria were stained with crystal violet, and the absor-
bance was read at 570 nm. Each data point represents the mean adherence value for a single strain from
three independent experiments, expressed as a percentage of the absorbance value measured for strain
SH1000. Red, strains from CC1; blue, strains from CC8; green, strains from CC30; black, strains from other
CCs. The horizontal lines represent the median adherence value for the population. Statistical analysis
was performed using an unpaired t test. ***, P � 0.0001.
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results indicate that all S. aureus strains that infect the skin of AD patients display ClfB
ligand binding activity and that this is higher than that for the S. aureus nasal carriage
control isolates from healthy individuals. These data suggested that ClfB could be an
important adhesin for AD skin. In addition, AD strains from CC1 (Fig. 2, red), the most
common clonal complex in the AD cohort, adhered very strongly to L2v with a median
adherence value of 196% (Fig. 2). For the CC30 strains (Fig. 2, green) adherence values
ranged from 0 to 155% for the control strains, while for the three CC30 AD strains,
adherence values ranged from 144 to 191%. Adherence values for the CC8 strains (Fig.
2, blue) were highly variable, ranging from 41 to 204%.

Adherence of S. aureus to corneocytes from AD patients ex vivo is ClfB depen-
dent. The results described above suggested that ClfB ligand binding activity was a
universal feature of our pediatric AD strains. In order to investigate if the adherence of
S. aureus to AD corneocytes requires ClfB, the clfB gene was deleted in a representative
AD strain from CC1 (strain AD08CC1; Table S1). Western immunoblotting using anti-ClfB
IgG indicated that while the AD08CC1 parent strain expressed ClfB, bands correspond-
ing to ClfB were not detected for the ClfB-deficient mutant (AD08CC1 ΔclfB; Fig. 3A).
Complementation of the clfB mutant with plasmid pCU1::clfB restored the expression of
ClfB (Fig. 3A). The clfB mutant did not adhere to L2v, while the parent strain adhered
in a dose-dependent and saturable manner (Fig. 3B). Complementation of AD08CC1

ΔclfB with pCU1::clfB restored the ability of the mutant to adhere to L2v, while AD08CC1

ΔclfB carrying empty plasmid pCU1 could not adhere (Fig. 3C), showing that the ability
of AD08CC1 to adhere strongly to L2v can be attributed to the activity of ClfB.

AD08CC1 and its isogenic ClfB-deficient mutant were used in single-cell atomic force
microscopy (AFM) experiments to determine if ClfB is important for the adherence of
S. aureus to AD skin. Corneocytes were collected by tape stripping the unaffected skin
of two AD patients with low NMF levels and concurrent S. aureus infection at a different
site (patients 1434 and 1473; Table S1). Previous work has shown that low levels of NMF
are associated with changes in corneocyte morphology in AD skin compared to normal
healthy skin leading to the appearance of villus-like projections (12). We generated
topographic images of corneocytes from both patients in buffer, using contact mode
imaging with silicon nitride tips (Fig. S1), and found that the corneocytes from AD
patients displayed large numbers of villus protrusions, about 200 nm in height,
consistent with the morphology expected at low NMF levels (12).

FIG 3 Characterization of a ClfB-deficient mutant of S. aureus AD08CC1. (A) S. aureus strain AD08CC1 (lane 1), its isogenic
ClfB-deficient mutant AD08CC1 ΔclfB (lane 2), and complemented mutant AD08CC1 ΔclfB (pCU1::clfB) (lane 3) were grown
to exponential phase. Cell wall extracts were separated on 7.5% acrylamide gels and blotted onto PVDF membranes, and
ClfB was detected using polyclonal rabbit antibodies. Bound antibody was detected using horseradish peroxidase-
conjugated protein A. Size markers (in kilodaltons) are indicated on the left. (B) S. aureus strain AD08CC1 (●) and AD08CC1

ΔclfB (�) were grown to exponential phase, washed, and incubated in microtiter plates coated with L2v. Adherent cells
were stained with crystal violet, and the absorbance was read at 570 nm. The graph shown is representative of graphs from
three independent experiments. (C) S. aureus strain AD08CC1 (red) or mutants AD08CC1 ΔclfB (blue), AD08CC1 ΔclfB(pCU1)
(white), and AD08CC1 ΔclfB(pCU1::clfB) (green) were grown to exponential phase, washed, and incubated in microtiter
plates coated with L2v (0.625 �g/ml). Adherent cells were stained with crystal violet, and the absorbance was read at 570
nm. Error bars represent the standard error of the mean values obtained from three independent experiments. Statistical
significance was determined by Student’s unpaired t test. **, P � 0.0059; ***, P � 0.0001.
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To investigate if ClfB is important for the adherence of S. aureus to corneocytes from
AD skin, AD08CC1 and its isogenic ClfB-deficient mutant (AD08CC1 ΔclfB) were used in
single-cell force spectroscopy experiments (22, 23) (Fig. 4). A single S. aureus cell was
immobilized on an AFM cantilever, and this was used as a probe to measure the
binding forces between S. aureus adhesins and corneocytes. The average binding force
between S. aureus AD08CC1 and AD corneocytes was similar for both patients (1,109 pN
and 1,186 pN; Fig. 4a). In both cases, there was a statistically significant reduction in the
binding force when AD08CC1 ΔclfB was used as a probe on the same AD corneocytes
(749 pN and 670 pN; Fig. 4c). These data provide direct evidence that ClfB is involved
in mediating the attachment of S. aureus to AD corneocytes.

Multiparametric imaging was then used to localize the ligands recognized by S.
aureus on the surface of corneocytes from patients 1434 and 1473 (24, 25). Multipara-
metric imaging is a newly developed AFM technique that enables researchers to
simultaneously map the structure, biophysical properties, and molecular interactions of
biological samples (19). AFM cantilevers were functionalized with a single cell of
AD08CC1 or AD08CC1 ΔclfB. Force curves were recorded across the corneocyte surface at
a high frequency, generating maps of structure and adhesion. Multiple adhesion events
with a mean force of �600 pN occurred between AD08CC1 and the corneocyte surface,
indicating that many ligands for S. aureus are exposed in the stratum corneum of AD
patients (Fig. 5). In contrast, many fewer adhesion events with a weaker strength (�200
pN) occurred with AD08CC1 ΔclfB, indicating that in the absence of ClfB, S. aureus is less
well able to adhere to corneocytes (Fig. 5). Importantly, the number of ligands sup-

FIG 4 Strength of the S. aureus-corneocyte interaction. (a) Box chart of the adhesion forces recorded between S.
aureus AD08CC1 or S. aureus AD08CC1 ΔclfB and corneocytes from patient 1473; (b) representative force curves
recorded under each condition for patient 1473; (c) box chart of the adhesion force between S. aureus AD08CC1 or
S. aureus AD08CC1 ΔclfB and corneocytes from patient 1434; (d) representative force curves recorded under each
condition for patient 1434. All curves were obtained using an applied force of 250 pN and an approach and
retraction speed of 1.0 �m/s. In each case, values calculated from force curves recorded for 5 different S.
aureus-corneocyte pairs were pooled and are represented as box charts, showing mean adhesion (full circle), the
median, the first and third quartiles (box), the range of data without outliers (whiskers), the 99th percentile (open
circle), and extreme outliers (triangles). Statistical analysis was performed using an unpaired t test. ***, P � 0.0001.
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porting S. aureus adherence to the surface of corneocytes was greatly reduced for the
ClfB mutant. This demonstrates that ClfB is a major adhesin mediating the interaction
of S. aureus with AD skin.

Ligand binding by ClfB from AD strains. All AD strains adhered to L2v, and the
median adherence level was high (Fig. 2B). ClfB is the only S. aureus factor that binds
to L2v (Fig. 3) (14). Variation in the amino acid sequence of the ligand binding domains
of ClfB has been reported previously (26). Sequence differences in ClfB are more likely
to occur between clonal complexes of S. aureus than within a clonal complex (26). An
amino acid sequence variation in ClfB could confer a higher affinity for the ligand. We
isolated genomic DNA from all AD strains and used PCR to amplify DNA encoding the
ligand binding region of ClfB (N2 and N3 subdomains). All AD strains carried the clfB
gene (data not shown). DNA sequencing was carried out on the clfB amplimer that was
generated for all of the CC1, CC8, and CC30 strains. The deduced amino acid sequences
were aligned. The ClfB N2N3 subdomains of CC1 strains shared 100% amino acid
sequence identity with each other. The amino acid sequences of ClfB N2N3 from CC8
strains were 92% identical to the CC1 sequence. The three CC30 AD strains had identical
ClfB N2N3 sequences that shared 94% identity with the CC1 ClfB N2N3 sequence.
Molecular modeling was carried out to allow visualization of the position of the variant
residues on the crystal structure of ClfB N2N3 (Fig. 6A). This indicated that the residues
that vary between CC1 and CC30 are located well away from the trench between N2
and N3. Thus, they are unlikely to alter the affinity of ligand binding to the trench by
the dock, lock, and latch mechanism. However, it is possible that an additional,
unknown ligand binding site could be located outside the trench region. For example,
it has recently been shown for the related protein ClfA that high-affinity binding of ClfA

FIG 5 Nanoscale multiparametric imaging of corneocytes using single S. aureus probes. (a and b) Height image of
a corneocyte coming from patient 1434 recorded in PBS using an S. aureus AD08CC1 cell probe (a) and the
corresponding adhesion image (b). (c and d) Height image of a corneocyte coming from patient 1434 recorded in
PBS using an S. aureus AD08CC1 ΔclfB cell probe (c) and the corresponding adhesion image (d). For both conditions,
similar data were obtained in two other independent experiments.
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to its ligand, fibrinogen, involves both the dock, lock, and latch ligand binding trench
and a second interaction site at the top of the N3 subdomain (27). Thus, to investigate
if sequence differences outside the trench region in CC1 and CC30 ClfB might alter the
affinity for L2v, 6� histidine-tagged recombinant ClfB N2N3 (rClfB N2N3) proteins were
purified from Escherichia coli. The affinity of rClfB N2N3 with the CC1 or CC30 sequence
for L2v was studied using surface plasmon resonance (SPR). GST-tagged L2v was
captured on the surface of a sensor chip that had been coated with anti-GST IgG, and
increasing concentrations of rClfB N2N3 proteins were passed over the surface of the
coated sensor chip. To calculate KD (the equilibrium dissociation constant), the amount
of binding at equilibrium was plotted against each rClfB N2N3 concentration, and the
KD of the interaction was calculated (Fig. 6). Previously, the affinity of CC8 rClfB N2N3
for L2v was calculated to be 2.21 �M (14). CC1 rClfB N2N3 had a slightly higher affinity
for GST-L2v (1.91 � 0.17 �M; Fig. 6B) than CC30 rClfB N2N3 (3.26 � 0.36 �M; Fig. 6C).
The small but statistically significant difference in the affinity of CC1 and CC30 ClfB
for L2v (P � 0.001) may partially explain why AD strains from CC1 adhere more
strongly to L2v.

DISCUSSION

The skin of AD patients differs in several respects from normal healthy skin and
provides an environment where S. aureus can proliferate. By mutating the clfB gene, we
have shown the importance of ClfB in mediating bacterial adherence to corneocytes
taken from AD patients known to be susceptible to S. aureus. This study used clinically
relevant strains isolated from AD patients, rather than relying on laboratory strains, thus
increasing the clinical relevance of our findings. Single-cell AFM is an important recent
technical advance which has allowed measurement of the forces involved in binding of
single bacterial cells to corneocytes (24). Here we show that a clfB mutant bound
significantly less strongly to corneocytes from two AD patients with low NMF than the
wild-type S. aureus parent strain. This demonstrates the importance of ClfB-mediated
adherence to ligands exposed on the corneocyte surface. The cornified envelope
proteins loricrin and cytokeratin 10 are ligands for ClfB, and it may be through binding
to these proteins that ClfB mediates bacterial attachment to corneocytes. Alternatively,
given the altered corneocyte morphology and protein expression profiles in AD skin,

FIG 6 Binding of rClfB N2N3 to L2v. (A) Ribbon representation of the crystal structure of the N2N3 subdomains of ClfB showing the residues that vary between
the CC1 and CC30 sequences (red). The ClfB ligand bound in the trench between subdomains N2 and N3 is shown in stick format (blue). (B and C) Representative
sensorgrams showing the binding of rClfB N2N3 to L2v in a single-cycle kinetics assay. GST-tagged L2v was captured on a CM5 chip coated with anti-GST IgG,
and increasing concentrations of rClfB N2N3 with the CC1 (B) or CC30 (C) sequence were passed over the surface. (Left) Binding was plotted as response units
against time. (Right) The affinities were calculated from curve fitting to a plot of the response unit values against the concentrations of rClfB N2N3. The data
shown are representative of those from three individual experiments.
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where NMF levels are low (12, 28, 29), it is possible that ClfB binds to other protein
ligands. Additional S. aureus factors are likely to contribute to the adhesion of S. aureus
to corneocytes and the colonization of AD skin. We believe that AFM could be used in
future research to gain further insight into the molecular basis of skin colonization and
infection in AD.

There were differences in the overall population structure of the S. aureus strains
isolated from AD skin lesions from that of strains isolated from a control population
(commensal strains). This is not entirely surprising, given that the niches occupied by
the bacteria are very different (AD skin lesion versus nasal cavity). Nevertheless, the
control strains provided a useful comparison. Since ClfB is a major determinant of nasal
colonization (14), it was surprising to find that ClfB ligand binding activity was lower
among commensal control strains than among AD strains. However, nasal colonization
is a multifactorial process involving several staphylococcal factors (30), and the relative
contribution of each factor may differ from strain to strain. We hypothesize that the
efficient colonization of AD skin is also likely to require additional factors. Currently,
there is no explanation as to why there are few CC30 strains isolated from skin lesions
in AD patients, while the proportion of CC1 and CC8 strains is high. Other studies have
found similar trends in AD strain populations from different geographic locations (31,
32). A slightly higher binding affinity was measured for the ClfB from CC1 than for the
ClfB from CC30. We hypothesize that this difference could be amplified when multiple
copies of ClfB are present on the surface of S. aureus, leading to an increase in avidity.
In addition, it is possible that there are strain-dependent differences in the genetic
regulation of clfB expression which could account for differences in the amount of ClfB
on the surface of different strains. Genetic diversity between strains within a CC can
often be missed using molecular typing approaches (33). Whole-genome sequencing
allows a more detailed analysis of the relationship between strains. It is likely that the
ability to colonize and to proliferate on AD skin is due to many factors, in addition to
the ability to adhere to corneocytes. A detailed proteomic analysis or transcriptional
profiling of clinical isolates will give full details of the repertoire of virulence and
colonization factors expressed by strains infecting AD lesions. Here we have identified
a crucial role for ClfB in promoting the adherence of clinically relevant strains of S.
aureus to corneocytes from AD skin. This finding advances our understanding of the
interaction between S. aureus and the altered environment of AD skin and may inform
targeted therapies to reduce colonization and infection in AD patients.

MATERIALS AND METHODS
Patient populations. The AD patients enrolled in this study were presenting for the first time at a

tertiary referral center at Our Lady’s Children’s Hospital, Crumlin, Dublin, Ireland, between September
2012 and September 2014. An experienced pediatric dermatologist (M.A.M., A.D.I., or both) made the
diagnosis and recorded the disease phenotype. All patients met the United Kingdom diagnostic criteria
for AD (34) and had moderate or severe disease. Criteria for exclusion from the study included pyrexial
illness in the preceding 2 weeks and receipt of immunosuppressive systemic therapy, such as oral
corticosteroids, in the preceding 3 months. The study was conducted in accordance with the Helsinki
Declarations and was approved by the Research Ethics Committee of Our Lady’s Children’s Hospital,
Crumlin, Dublin, Ireland. Full written informed consent was obtained from all patients’ parents. The
children were treatment naive (for topical steroids, antibiotics, or antimicrobials) at presentation. Patient
demographics and disease characteristics are summarized in Table S1 in the supplemental material.

Age-matched control subjects were children attending the Emergency Department of Temple Street
Children’s University Hospital, Dublin, Ireland, between July and August 2009. Subjects were requested
to complete a questionnaire, and those whose reason for presentation was not of an infective origin (i.e.,
trauma, accompanying a sibling, etc.) and who had no history of skin diseases (including AD), allergic
rhinitis, or bronchial asthma were selected for inclusion in the study. Ethical permission was received
from the Temple Street Children’s University Hospital Ethics Committee, and full written informed
consent was obtained from all patients’ parents. The mean age at recruitment was 30.48 months, and
53.06% of the subjects were female.

FLG genotyping. DNA extracted from a blood sample from all AD patients was screened for the 9
most common FLG mutations found in the Irish population (R501X, Y2092X, 2282del4, R2447X, S3247X,
R3419X, 3702delG, S1040X, and G1139X). The methods used have been previously described (35).

Collection of strains and molecular typing of S. aureus. To collect AD strains, swab specimens
were taken from a clinically infected site on the patient’s skin (Table S1) and streaked onto mannitol salt
agar to select for S. aureus. S. aureus strains from a healthy cohort (children with no history of AD and
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asymptomatic nasal carriage) were recovered by rotational swabbing of the anterior nares of one nostril.
In total, 44 AD strains and 49 nasal carriage isolates were studied. Strains were single colony purified on
sheep blood agar, and a single colony isolated from each patient was spa typed. The spa types were
classified using two online nomenclature systems (Ridom and eGenomics) (36). One or more isolates of
each unique spa type were subjected to multilocus sequence typing (MLST), and a clonal complex (CC)
was assigned by eBURST analysis of the MLST data.

Bacterial growth conditions and strain construction. S. aureus was grown in tryptic soy broth (TSB)
at 37°C. SH1000 is a commonly used laboratory strain of S. aureus (37). Plasmid DNA isolated from E. coli
strain SA08B (38) was used to transform CC1 strains of S. aureus using standard procedures (39). Deletion
of the clfB gene was achieved by allelic exchange as described previously (14). The mutation was
confirmed by DNA sequencing of a PCR amplimer. The clfB mutant was phenotypically indistinguishable
from the parent strain in terms of growth rate and hemolysis on sheep blood agar (data not shown).
Plasmids pCU1 (40) and pCU1::clfB (41) were transformed into AD08CC1 ΔclfB.

Extraction of cell wall proteins and Western immunoblotting. Bacteria from an overnight culture
were washed in TSB, diluted 1:200, and allowed to grow to an optical density at 600 nm (OD600) of 0.3
to 0.5 in TSB. Bacteria were washed in phosphate-buffered saline (PBS) and resuspended to an OD600 of
10 in lysis buffer (50 mM Tris HCl, 20 mM MgCl2, pH 7.5) supplemented with raffinose (30%, wt/vol;
Sigma) and cOmplete protease inhibitors (40 �l/ml; Roche). Cell wall proteins were solubilized by
incubation with lysostaphin (100 �g/ml; Ambi Products, Lawrence, NY) for 8 min at 37°C. Protoplasts
were removed by centrifugation at 16,000 � g for 5 min, and the supernatant containing solubilized cell
wall proteins was aspirated and boiled for 10 min in final sample buffer. Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 7.5% (wt/vol) polyacrylamide gels, trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Roche), and blocked in 10% (wt/vol) skimmed
milk proteins. Blots were probed with polyclonal rabbit antibodies against the ClfB A domain (1:1,000),
and bound antibody was detected using horseradish peroxidase-conjugated protein A (1:500; Sigma).
Reactive bands were visualized using the LumiGLO reagent and peroxide detection system (Cell
Signaling Technology) using an ImageQuant Las 4000 imaging system and ImageQuant TL software (GE
Healthcare).

Bacterial adherence to L2v. Recombinant GST-tagged L2v was purified from E. coli as previously
described (14) using a GSTrap fast-flow purification column (GE Healthcare) according to the manufac-
turer’s instructions and diluted in coating buffer (0.1 M NaHCO3, 33 mM Na2CO3, pH 9.6). Wells of a
microtiter plate (Nunc MaxiSorp) were incubated with a solution of L2v (0.625 �g/ml) overnight at 4°C.
The wells were blocked with bovine serum albumin (BSA; 5% [wt/vol]) for 2 h at 37°C. S. aureus was
grown to an OD600 of from 0.3 to 0.5 in TSB. Washed bacteria were adjusted to an OD600 of 1.0 in PBS,
100 �l was added to each well, and the plate was incubated for 1.5 h at 37°C. The wells were washed
with PBS, adherent cells were fixed with formaldehyde (25%, vol/vol) and stained with crystal violet, and
the A570 was measured. Each experiment was performed three times.

Sampling of the stratum corneum by tape stripping and TEWL measurement. A clinically
unaffected site on the volar part of the patient’s forearm was used for transepidermal water loss (TEWL)
measurements and stratum corneum sampling using a previously described method (42). TEWL was
determined by using a Tewameter 300 device (Courage and Khazaka Electronic GmbH, Cologne,
Germany). To sample the stratum corneum, circular adhesive tape strips (3.8 cm2; D-Squame; Monaderm,
Monaco, France) were attached to the skin of volar part of the forearm and pressed for 10 s with a
constant pressure (225 g/cm2) by using a D-Squame pressure instrument (D500; CuDerm, Dallas, TX). The
tape strip was then gently removed and placed in a closed vial. Eight consecutive tape strips were
sampled, all from the same site. The tape strips were immediately stored at �80°C until analysis. The fifth
strip was used for NMF measurements, and the eighth strip was used for AFM.

Natural moisturizing factor measurement. Natural moisturizing factor analysis was performed on
the fifth consecutive strip, according to methods described in detail previously (43). Briefly, the tape strip
was extracted with 25% (wt/wt) ammonia solution. After evaporation of the ammonia extract, the residue
was dissolved in 250 �l of pure water and analyzed by using high-performance liquid chromatography.
The NMF concentration was normalized for the protein amount, determined with a Pierce micro-
bicinchoninic acid protein assay kit (Thermo Fischer Scientific, Rockford, IL; referred to as the Pierce assay)
to compensate for a variable amount of the stratum corneum on the tape.

Atomic force microscopy. (i) Corneocyte imaging. Atomic force microscopy imaging was per-
formed on the eighth tape strip in contact mode at a resolution of 512 lines, using Si3N4 cantilevers
(MSCT; Bruker; nominal spring constant, 0.01 N/m), in Tris-buffered saline (TBS; Tris, 50 mM; NaCl, 150
mM; pH 7.4) at room temperature. For each condition, at least 3 different corneocytes were imaged.

(ii) Multiparametric imaging. Multiparametric images of corneocytes were recorded in TBS using
the quantitative imaging mode available on the Nanowizard III AFM (JPK Instruments, Berlin, Germany).
Images were obtained using a S. aureus AD08CC1 or AD08CC1 ΔclfB cell probe (see below for a description
of cell probe preparation) at 128 pixels by 128 pixels in which the applied force was kept at 1.0 nN and
a constant approach/retract speed of 40.0 �m/s (z-range, 1 �m) was used. The cantilever spring
constants were determined by the thermal noise method. For each condition, experiments were
repeated for at least 3 different cell pairs.

(iii) Single-cell force spectroscopy. To prepare bacterial cell probes, colloidal probes were obtained
by attaching a single silica microsphere (diameter, 6.1 �m; Bangs Laboratories) with a thin layer of
UV-curable glue (NOA 63; Norland Edmund Optics) on triangular tipless cantilevers (NP-O10; Bruker) and
using a Nanowizard III AFM (JPK Instruments, Berlin, Germany). The cantilevers were then immersed for
1 h in TBS (pH 8.5) containing dopamine hydrochloride (4 mg/ml; Sigma-Aldrich), rinsed in TBS, and used
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directly for cell probe preparation. The nominal spring constant of the colloidal probe cantilever was
determined by the thermal noise method. Then, 50 �l of a diluted cell suspension was deposited at a
distinct location of a petri dish containing corneocytes; 3 ml of PBS was added to the system. The
colloidal probe was brought into contact with an isolated bacterium and retracted to attach the bacterial
cell; proper attachment of the cell on the colloidal probe was checked using optical microscopy. Cell
probes were used to measure cell-cell interaction forces at room temperature, using an applied force of
0.25 nN, a constant approach-retraction speed of 1.0 �m/s, and a contact time of 100 ms. Data were
analyzed using the data processing software from JPK Instruments (Berlin, Germany). Adhesion force
values were obtained by calculating the maximum adhesion force for each force curve recorded on
corneocytes, and the data for five different cell pairs under each condition were pooled.

Recombinant ClfB protein expression and purification. DNA encoding the N2N3 subdomains of
ClfB (residues 201 to 542) was amplified by PCR using genomic DNA from S. aureus strain AD08CC1 or
AD22CC30 as the template and cloned into the vector pQE30. E. coli TOPP3 carrying the recombinant
plasmids was grown to late exponential phase (OD600 � 0.6) and induced with IPTG (isopropyl-�-D-
thiogalactopyranoside). CC1 and CC30 ClfB proteins harboring an N-terminal hexahistidine tag were
purified using Ni2� affinity chromatography.

SPR. Surface plasmon resonance (SPR) was performed using a Biacore X100 system (GE Healthcare).
Goat anti-GST IgG (30 �g/ml; GE Healthcare) was diluted in 10 mM sodium acetate buffer at pH 5.0 and
immobilized on CM5 sensor chips using amine coupling. This was performed using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride, followed by N-hydroxysuccinimide and ethanol-
amine hydrochloride, as described by the manufacturer. Recombinant GST-tagged L2v (10 to 30 �g/ml)
in PBS was passed over the anti-GST surface of one flow cell, while recombinant GST (10 to 30 �g/ml)
was passed over the other flow cell to provide a reference surface. Increasing concentrations of rClfB
N2N3 in PBS were passed over the surface of the chip without regeneration. All sensorgram data were
subtracted from the corresponding data from the reference flow cell. The response generated from
injection of buffer over the chip was also subtracted from each sensorgram. Data were analyzed using
BIAevaluation software (version 3.0). A plot of the level of binding (response units) at equilibrium against
the concentration of rClfB N2N3 was used to determine the KD. The data shown are representative of
those from three individual experiments.

Statistical tests. Statistical significance was determined with the Student t test, using GraphPad
software.
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